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Glycerol emerges as a significant worth chemical that can be converted into high value products. In the 
prospect of biorefinery industries and great demand towards renewable sources, glycerol has proved to 
have tremendous potential to be transformed, thus supersede conventional petroleum derived fuel 
additive. Various types of oxygenated biocomponents and rigorous studies of glycerol transformation 
into fuel additives are presented in this review paper. Particular focus is given to etherification, 
acetylation and acetalation processes with specific behaviors in the respective reaction system. 
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1. Introduction 


The development and commercial use of biodiesel has been 
encouragingly and rapidly expanding in Europe and US for over 10 
years. The prominent superiority of biodiesel over petroleum 
diesel towards health and environment (free sulfur content, low 
content of harmful emission, e.g. particulate matter, HC, CO, etc., 
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better lifecycle of CO; for global warming alleviation) as well as 
engine performance (enhance lubricity, high cetane number for 
complete combustion) [1,2] has enticed Asia to use biodiesel as 
alternative fuels and innovative solution to curb the polluted air 
emitted from growing vehicle population [3]. 

Despite the rapid pace of biodiesel development and commer- 
cialization, there are several key challenges emerging and these 
must be addressed efficiently. One key problem that is being 
ultimate focused is the inevitable low value production of glycerol 
as co-product of biodiesel from transesterification and esterifica- 
tion of vegetable oil [4]. Stoichiometrically, glycerol is produced by 
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Fig. 1. Increasing production of biodiesel and crude glycerol lead to plummeting 
glycerol price [4]. 


10 wt.% of total biodiesel production. A sharp annual increase as 
high as 28% of biodiesel production in Europe from the year of 2000 
has led to biodiesel production of 5 millions of metric tons (MTm) 
in 2006 [5] while in US, approximately 300 million gallons per year 
(gpy) of biodiesel is produced and expecting production increment 
of 600 million gpy in the next years [6]. The federal government 
Canada aimed to produce 500 million litres/year of biodiesel by the 
year 2010 to meet the Kyoto protocol [7], whereas in Malaysia, 
biodiesel production has been targeted to achieve 500,000 tone per 
year (tpy). The mass production of biodiesel would entail surplus 
glycerol production which has 80-8875 purity [1]. The conventional 
application and current market of glycerol could not cope the 
excess production that need further costly purification step to 
meet the purity of crude glycerin of industrial grade (98% purity) 
[8]. A report from Tyson (2003) indicated that by taking into 
consideration the value of glycerol, the biodiesel cost production 
could be reduced from US$ 0.63 L^! to US$ 0.38 17! [9]. Figs. 1-3 
represent the biodiesel production over the years and its impact 
toward the price trend of glycerol. Major producers of glycerol like 
Malaysia and Indonesia, mostly derived from palm oils, seems to be 
the factor of glycerol price plummeting to US$ 0.33 kg or below 
[9,10]. In US, Dow, Senergy Chemical, ADM, Cargill and Ashland are 
all set to produce glycerol derived industrial products such as 
propylene and ethylene glycols which are adding to already 
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Fig. 2. Projection of the global glycerol production [4]. 
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Fig. 3. Glycerol price trend [3]. 


glycerol surplus [9]. This scenario would give poor visual image of 
glycerol by-product towards viability and economy of biodiesel 
and biorefineries production [11], market price stability of current 
crude glycerol as well as environment due to improper disposal of 
glycerol [12]. In tandem with this awareness, a lot of research and 
efforts have been considerably developed and continuously 
investigated to transform the low value glycerol by different 
strategies and approaches. The following topics would discuss on 
petroleum derived-oxygenate fuel additive and potentially pro- 
mising value of glycerol to be transformed into fuel additive. 


2. Fuel additive 


Fuel additive which could be classified into gasoline/petrol [13] 
and diesel additive [14] is a chemical substance that assists the 
cleanliness of engine part, i.e. carburetor, intake valve and fuel 
injector, prevent incomplete combustion, temper fuel gelling and 
nozzle choking, as well as protect engine parts from corrosion 
which leads to better engine performance and acceleration, 
improve fuel economy and reduce emissions of greenhouse gas 
[15]. Composition of diesel fuel, alcohol and fuel additive likewise 
could indigenously reduce the particulate emissions [16] while 
addition of additive to marine diesel fuel could significantly reduce 
particulate emission, emission concentration of CO; and NO, in the 
meantime improve the emission concentration of oxygen and 
excess air quantity [17]. The composition of additive in jet fuel 
between about 1 and 70 wt% could improve the thermal stability 
and reduce deposits in jet engine [18]. 

Various types of fuel additive derived from petroleum as well as 
biomass feedstock which could be classified into metal-based [19- 
21], oxygenates [22-26], wax dispersant [27], nitrogenates [28], 
antiknock agents [29,30], lead scavengers and fuel dyes [31] are 
generally will be added in small amount of concentration to neat or 
blended fuel [14]. Ever since The U.S. Clean Air Act Amendments of 
1990 has called for reformulated and oxygenated gasoline, a lot of 
research and development on fuel additive was invested to meet 
the even tighter future emissions specifications of sulfur, olefins, 
vapor pressure, soot and smog reduction [32]. Diesel engine 
especially suffers from producing soot, particles and nitrogen oxide 
has shown improvement with oxygenate additives in a study 
conducted by Satgé de Caro et al. [33]. 


2.1. Oxygenate additive 


Oxygenate compound could assist in octane rating increment 
and combustion quality that reduce particulate emission and 
carbon monoxide production. The molecular structure, local 
oxygen concentration and content of fuel could influence the 
reduction amount of particulate emissions [14]. Marchetti et al. 
[24] also reported that fuel containing 10-25% (v/v) oxygenate 
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could effectively reduce particulate emission. The oxygenate 
additives commonly used are alcohol, ether and ester functional 
groups. For alcohol, methanol (CH3OH), ethanol (C2H50H), 
propanol (C3H7OH) and butanol (C4HgOH) can be used in motor 
fuels. However, only the first two alcohols are widely available and 
technically economical to be used for internal combustion engine 
(ICE) [34]. 

Ethanol, familiarly termed as bioethanol is biologically produced 
from fermentation and hydrolysis derived from renewable sources 
of feedstock such as wheat, sugar beet, corn, straw, and wood [35- 
40]. Ethanol has been attractively deployed as oxygenate additive to 
gasoline for its major advantages in significantly reducing visible 
smoke and particulate emissions, enhancing engine thermal 
efficiency, and overall reduction in emission of carbon dioxide 
and other greenhouse gaseous [35,37,41]. However, bioethanol 
vaporize more easily which can be potential ozone layer aggravation 
agent [37] and it also increase the emission of aldehydes [41-43] and 
acetic acid [42,44]. According to He et al. [41], the exhaust emission 
is much influenced by ethanol content and gasoline engine 
operating conditions. They have done series of study of regulated 
and unregulated emissions from spark ignition engine to observe the 
emissions of CO, THC and NO, correlate to the relationship between 
air/fuel equivalence ratio and brake mean effective pressure (BMEP). 
Besides, there were also studies reported on the emissions from 
diesel engine exhaust in conjunction with catalyst efficacy and 
engine operating conditions [45-47]. It seems that the reduction of 
exhaust emissions has now been a major research not only for 
catalyst design but also engine development. It is important to note, 
nevertheless, that ethanol tend to separate and immiscible in diesel 
fuel [33,48], which make its drawback as a gambit to other chemical 
building blocks as fuel additive. 

Methanol can be synthesized from natural gas and biomass via 
partial oxidation reaction which is costly intensive. A study was 
conducted to investigate the engine performance and emissions of 
the oxygenated methanol-fuel blends under various fuel delivery 
advance angles in a compression ignition engine [23]. Although 
methanol is considerably easier to be found than ethanol, it is still 
less preferred due to less environmentally benign fuel and more 
readily ignited in hot surface which leads to pre-ignition and 
knocking in engine [34]. 

Methyl tertiary butyl ether (MTBE), in 1979, had been widely 
used as octane booster in gasoline component. It is commercially 
manufactured via chemical reaction of methanol and isobutylene 
[49]. This ether could easily meet the 2% oxygen requirement for 
RFG. For over 20 years, this oxygenate had been used in the 
gasoline blending pool since it was the most economical oxygenate 
that refiners could use to contain RFG manufacturing costs [50]. 
However, this oxygenate compound was considerably thought as 
health risk threat by International Agency of Research on Cancer 
(IARC) and Environmental Protection Agency (EPA) [51] in 2000. 
Although the adverse effects of MTBE ingestion are still not fully 
understood, National Science and Technology Council (NSTC) has 
outlined and assessed the effect of MTBE towards air, water, fuel 
and engine performance as well as health, which could be 
summarized as below [43]: 


(a) Despite reduction of toxic emission, MTBE could increase 
emission of hydrocarbon compound which is formaldehyde, 
which is toxic, allergenic and carcinogenic. 

(b) MTBE gives unpleasant taste even in very low concentration. In 
Santa Monica, California, concentration of MTBE rendered the 
shutdown of a drinking-water production well or well-field 
which released from underground gasoline storage tank. Alkyl 
ether oxygenates are much less biodegradable than ethanol or 
other aromatic hydrocarbon constitute of gasoline, and there- 
fore would persist longer in ground water. 


(c) It gives no significant difference on engine performance but 
there is reduction on fuel economy around 2-32. 

(d) Acute symptom of headaches, nausea, dizziness and breathing 
difficulties associated with MTBE in gasoline. However, the 
data is too limited to draw quantitative estimate of the full 
range and distribution MTBE exposures among the general 
population. Assessment also found that chronic non-cancer 
health effects would not likely to occur at environmental or 
occupational exposures to MTBE. 


Hitherto, numerous modeling studies, sampling investigations 
and analytical techniques have been conducted to gain compre- 
hensive data on the environmental ramifications and human 
health exposure of MTBE and other alkyl ether oxygenate 
compounds, i.e. ethyl tertiary butyl ether (ETBE), tertiary amyl 
methyl ether (TAME), tertiary hexyl methyl ether (THEME), 
diisopropyl ether (DIPE), in such large quantities [49,52-60]. This, 
ostensibly, has gain impetus among scientists and researchers as 
well to investigate the MTBE and other oxygenated fuel additive 
degradation behavior and treatment through biological [61-63] 
and chemical approach [64-67], e.g. by means of enzyme and 
bacterial strain biocatalysts, as well as air stripping, carbon 
adsorption, ultraviolet/H,02 and O3/H202 advanced oxidation 
processes. Besides, the omnipresence of other types of oxygenate 
fuel additive, i.e. 2-methoxyethyl acetate (MEA), 1,1-diethox- 
yethane, and dimethyl ether (DME), has driven the research of 
exhaust emission improvement of NO, and particulate matter as 
well as effects on diesel engine combustion [68-71]. Few reports 
have been found on NO, emission reduction using ethanol fuel 
additive. There is also a report on biodegradation behavior of 
potential fuel additive of dibutyl maleate (DBM) and tripropylene 
glycol methyl ether (TGME) [24]. 


3. Glycerol 


Glyerol is the simplest trihydric alcohol which has IUPAC name 
of propane-1,2,3-triol. It is also commercially known as glycerin, 
1,2,3-propanetriol, 1,2,3-trihydroxypropane, glyceritol or glycyl 
alcohol. Pure glycerol is colourless, odorless, viscous liquid with 
syrupy and sweet taste. As shown in Fig. 4, glycerol has three 
hydrophilic hydroxyl groups that are responsible for its solubility 
in water and its hygroscopic nature [72,73]. Table 1 lists physical 
and chemical properties of glycerol which is importantly 
associates to its application. 

Glycerol was first discovered by Swedish researcher, K.W. 
Scheele in 1779 who obtained substances with sweet taste from 
heated reaction of olive oil with lead oxide. In 1811, Michel Eugene 
Chevrel, a French chemist called the sweet liquid as glycerin and 
thereafter defined fatty acids ethereous chemical formulas as well 
as glycerin formulas in vegetable oils and animal fats. His work on 
producing fatty acids from reaction of fatty materials with lime and 
alkali was patented, and to some extent, the first industrial method 
of getting glycerin from neutral fats oxyhydroxide saponified with 
further glycerin extracted from soap leaches was discovered [74]. 
Such discovery has offered astounding advancement towards 
glycerin purification and application to various products. Today, 
glycerol has been widely used in food and beverages, feedstock for 
raw chemicals, research and laboratory usage and pharmaceutical 
applications [75]. The wide realm of glycerol applications are 
suggested in Table 2, which are transformed by either biological or 
chemical reactions. 

The potential for bacteriologic transformation of glycerol into 
products that can be used for plastic production has been 
demonstrated [12]. The recent work by Yang et al. [76] has 
successfully converted the crude glycerol by fermentation to 
obtained up to 83.56 g 1,3-propanediol with a yield of 0.62 mol/ 
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Table 1 
Physical and chemical properties of glycerol [72]. 


Properties Values 


Chemical formula CH;0H-CHOH-CH;0H 
Formula weight 92.09 
Form and colour Colourless and liquid 


Specific gravity 1.260?0/4 
Melting point 17.9*C 
Boiling point 290*C 
Solubility in 100 parts 
Water Infinitely 
Alcohol Infinitely 
Ether Insoluble 
Vapor pressure in 760 mmHg 290*C 
Heat of fusion at 18.07°C 47.49 cal/g 
Viscosity liquid glycerol 
100% 10cP 
50% 25 cP 
Diffusivity in (DL x 10° sqcm/s) 
i-Amyl alcohol 0.12 
Ethanol 0.56 
Water 0.94 
Specific heat glycerol in 15*C 30*C 
aqueous solution (mol%) (cal/g^C) (cal/g^C) 
2.12 0.961 0.960 
4.66 0.929 0.924 
11.5 0.851 0.841 
2277 0.765 0.758 
43.9 0.670 0.672 
100 0.555 0.576 


mol glycerol and productivity of 1.61 g/L/h with K. охугоса М5а1 
bacteria. The use of bacteriologic transformation of glycerol also 
has been evidently demonstrated for the production of dihydrox- 
yacetone for cosmetic applications [77], succinic acid [78] and 
citric acid [79] for food and pharmaceutical industries, polyhy- 
droxyacanoate for medical and agricultural field [80] as well as 
other products for basic chemical applications. In addition to 
biological method, chemical transformation is another approach to 
convert glycerol to more valuable products which includes 
selective oxidation, hydrogenolysis, dehydration, acetylation, 
carboxylation, decomposition, dehydroxylation, selective oligo- 
merization, reforming towards syngas, esterification and ether- 
ification. The transformation of glycerol into fuel oxygenates by 
etherification [81-83] and esterification methods [84,85] are 
among chemical reactions that draw interest of many researches 
since they are economically beneficial to the production of glycerol 
by-product and biodiesel process. 

One of its potential and promising values has been envisioned 
for the automotive and biorefinery industries—to transform it into 
fuel additive. Glycerol ethers [26,82], acetyl glycerol [86-89] and 
glycerol acetal [90-92] have been identified as valuable replace- 
ment of fuel additive which depends on depleting sources, price 
uncertainty and growing environmental concern of petroleum 
feedstock. These glycerol-based fuel additive are excellent 
additives with large potential for diesel and biodiesel formulation 
that assist to a decreasing in particles, hydrocarbons, carbon 
monoxide and unregulated aldehydes emissions [93]. Moreover, 
they can act as cold flow improvers and viscosity reducer for use in 
biodiesel [94] and as antiknock additives for gasoline [89,95]. This 
issue is of significant importance due to the growing demand of 
new additives specifically for biodiesel that are biodegradable, 
non-toxic and renewable. In addition, these derivates can also be 
used as octane boosters for gasoline, as an alternative to 
commercial trialkylethers (MTBE and ETBE) [96]. 

Glycerol ether produced from etherification of glycerol has 
commercialization potential by ratio blending with gasoline, diesel 
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Fig. 4. Molecular structure of glycerol. 


fuel, marine diesel fuel and jet fuel [97]. Appropriate ratio of 
glycerol ether, alcohol and gasoline, for example, could reduce 
vapor pressure to desired level and reduce fuel consumption [98]. 
In addition to those advantages, the presence of glycerol ether in all 
types of fuel compositions as fuel additives could help lower the 
gel temperature of fuel which leads to viscosity reduction. The 
presence of hydroxyl groups on partially etherified glycerol 
derivatives could also lower the NO, emission [99]. 

Higher glycerol ether [97,100-102], acetyl glycerol [87,89] and 
glycerol acetal [90,91] have been identified as potentially valuable 
additives for diesel, gasoline, biodiesel and blend biodiesel-diesel. 
The new route chemistry of glycerol-based additive seems to catch 
the motivation and interest of many researchers lately, in which 
the utmost importance could be summarized as follows: 


e As an effort to redeem glycerine surplus and glut situation which 
might ruin the economy and market of glycerol as well as 
biodiesel/biofuel refinery and oleochemical industries since 
glycerol synthesis and by-production are closely linked to these 
industries. The innovative development of glycerol-based fuel 
additive could positively advance the production of biodiesel at 
small to moderate scale facilities, expand the product market and 
increase revenue of biofuel industries. 

e As a renewable sources and bio-based product, that is 
biodegradable, green refinery process and great environmental 
value demanded by modern society who favors the non- 
dependence on depleting sources of petroleum and fossil fuel 
feedstock. This alternative feedstock chemical of glycerol could 
play essential component in the advancement of integrated 
biorefinery industries as well as cleanliness of environmental life 
cycle. 

e As high quality additive that offers valuable and economical fuel 
towards engine efficiency and environmental compliance. 
Glycerol-based additive has been reported to have be able to 
enhance cold and viscosity properties of liquid fuels, as antiknock 
additives for gasoline, boost octane rating, decrease fuel cloud 
point (CP), reduce greenhouse gas emissions and could replace 
the controversial tertiary alkyl ether (MTBE and ETBE). 


Fig. 5 depicts the interrelation of glycerol-based additives 
importance towards biorefinery industry, engine performance, 
environment and society. Despite those fascinating commercial 
advantages, durability and reusability of novel catalysts which 
could lead to high product yield and selectivity within low range of 
reaction temperature and time are still remain as challenges which 
require rigorous investigation and development. Hence, this paper 
will review the extensive foregoing works associate to glycerol 
transformation into fuel additive for the wider scope of future 
studies. 


4. Glycerol transformation into fuel additives 


Without modifying and deriving glycerol makes it incompatible 
if being added directly to fuel due to its decomposition and 


Table 2 
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Various applications of glycerol. 


Product 


1,3-Propanedieol 


Propylene glycol 


Docosahexaenoic 
acid (DHA) 


Glycerol carbonate 


Dichloropropanol (DCP) 


Butanol 


Ethanol 


Hydrogen 


Acrolein 


Succinic acids 


Dihydroxyacetone 


Reaction 


Glycerol fermentation by Klepsiella Pneumoniae [110] 
Glycerol selective dehydroxylation [111] 


Glycerol hydrogenolysis [110] 


Crude glycerol with microalgal culture [112] 


Glycerol with CO; [113] 


Glycerol with heteropolyacid [114] 
Glycerol reaction with hydrocloric acid catalyzed 
by acetic acid as acid catalyst [115] 


Glycerol fermentation by 
Clostridium pasteuriunum [116] 


Glycerol fermentation by E. coli [4] 


Glycerol aqueous phase reforming by Ni-Sn catalyst [117] 

Glycerol steam reforming process by Ni [118] 

Glycerol aqueous phase reforming by supported metal catalyst [119] 
Glycerol steam reforming by ceria-supported metal catalyst [120] 


Reaction gas phase glycerol/water mixture by zeolite [121] 
Glycerol conversion on hot compressed water [122] 

Glycerol dehydration by micro- and mesoporous ZSM-5 [123] 
Glycerol dehydration over silica-supported heteropolyacids [124] 
Glycerol dehydration over activated carbon-supported 
silicotungstic acids [125] 


Glycerol fermentation by Anaerobiospirillum 
succiniciproducens [126] 


Glycerol oxidation catalyzed by gold catalyst in multiphase 
structured rectors [127] 

Glycerol oxidation over carbon-supported gold catalyst [128] 
Glycerol oxidation with Gluconobacter Oxydans [129] 
Electrocatalytic glycerol oxidation [130] 


Usage 


Use as a monomer in the synthesis of several polyesters such 
polytrimethylene terephthalate (PTT) and 
polyethylene terephthalate (PET) 


Mainly applied to unsaturated polyester, 
antifreeze liquid, and additives for liquid detergent 


Important omega-3 polyunsaturated fatty acid 

(v-3 PUFA) with medically established therapeutic capabilities 
against cardiovascular diseases, cancers, schizophrenia, 

and Alzheimers, also an essential nutrient during early 
human development 


Prominent role as the monomer could be used for the 
synthesis of new functionalized polymers that might have 
interesting new applications 


Chemical feedstock for organic compounds, monomers 
and reactants for producing plastics 


Potential biofuel which could be used for gasoline/petroleum 
without changes in engine design 

As a solvent for chemical and textile process, organic synthesis 
and chemical intermediate, as well as coating applications 

Use as paint thinner 

Use as hydraulic and brake fluids 

Use as perfume base 


Largely use as fuel and fuel additive, also a fuel for 
bipropellant rocket 

Fuel to power direct ethanol fuel cells to produce 
electricity and by-product H20 and CO; 

Main constituent in alcoholic beverages 

Chemical feedstock for organic compounds such as ethyl 
halides, ethyl ester, acetic acid, butadiene, ethyl amines, 
diethyl ether 

Use in medical application as antiseptic and antidote 

for poisonous and toxic chemicals 


Efficient devices for the production of electrical power 


Use to produce acrylic acid, acrylic acid esters, 
super absorber polymers, and detergents 


Used for the manufacture of synthetic resins and 
biodegradable polymers and as an intermediate for 
chemical synthesis 


Used in cosmetics industries as a tanning agent 


polymerization nature. Thus, this could invite consequential 
engine problems at high temperatures. An active study on 
glycerol-based additive, mono-tertiary butyl glycerol ether 
(MTBG), was first done by Malinavskii and Vvedenskii back in 
1953 [103]. Since then, the spectrum research and development on 
glycerol-based additive has been a continuum. 

From open literature, the transformation of glycerol to glycerol- 
based additive could be processed through several chemistry 
routes: 


1. Reaction of glycerol with acetic acid through acetylation or 
esterification process. 


2. Reaction of glycerol with ether substrate through etherification 
process. 

3. Reaction of glycerol with glycerol through etherification 
process. 

4. Reaction of glycerol with acetone and acid anhydride through 
acetalation process. 


As mentioned earlier, glycerol-based additive is capable of 
demonstrating tremendous good quality towards engine perfor- 
mance and environmental requirement. Focus for the glycerol 
transformation into fuel additive has been mainly on physical 
properties, reaction mechanism, catalyst design, operating condi- 
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Fig. 5. Importance and interrelation of glycerol-based fuel additive. 


tions of temperature, pressure, addition of solvent or precursor, 
etc., in which most of it will be reviewed here. 


4.1. Physical properties 


The physical properties of fuel additive obtained from the 
reaction of acetalation, etherification and acetylation is essentially 
important to be characterized to determine, i.e. its solubility in 
biodiesel/diesel/gasoline and the effect of fuel additive properties 
towards the fuel (biodiesel/gasoline/diesel) vapor pressure, cloud 
point (CP), pour point, specific gravity and viscosity. Table 3 lists 
down the standard methods used for characterization of physical 
properties of fuel additive. There are limited reports on the 
research work of glycerol-based additive physical properties 
characterization. Nevertheless, the available reports are going to 
be reviewed here for beneficial reference of other and future 
research work. 

Noureddini and co-workers [101,104] who studied glycerol 
reaction with isobutylene published the physical properties of 24% 
monoethers, 62% diethers and 14% triethers using 100% neat 
methyl esters, 100% diesel and various blends of diesel and methyl 
esters. They briefly described that the glycerol ether showed no 
solubility at all in all fuel blends up to 22 wt.%, demonstrated its 
potential as cloud point depressant, improved pour point of fuel, 
displayed negligible impact on fuel specific gravity and decreased 


Table 3 

Standard methods of fuel additive physical properties characterization. 
Physical properties ASTM EN AOCS 
Density D5002-94 [132] 14214, 590 [105] 
Heat of combustion D240-92 [132] 
Cloud point D2500-91 

[103,132] 

Pour point D97-96a [103,132] 
Flash point 14214, 590 [105] 
Oxidation stability ISO 12205 [105] 
Viscosity D6751, D445-96, 14214 [105] 


D446-93 [103,132] 
Vapor pressure D5191-96 [103,132] 
Acid value 


Iodine value 


Te 2a-64 [132] 
1c-85 [132] 


the viscosity of neat methyl esters and biofuel blends. In other 
glycerol etherification research work, Karinen and Kraus [104] 
reported that the glycerol ether obtained has octane numbers of 
112-128 (BRON) and 91-99 (BMON) which is suitable for gasoline 
component. 

A recent study from García et al. [105] who first characterized 
the glycerol acetal, denoted as acetal-1, which was resulted from 
reaction of glycerol and acetone, ostensibly did not meet the 
satisfying requirement of oxidation stability and flash point from 
both ASTM and EN Standard. Modifying acetal-1 with acetic 
anhydride to produce product mixture of acetal-2 and triacetin has 
led their work to a remarkable finding. Acetal-2 has been identified 
to be a viscosity improver, has better flash point and oxidation 
stability. They also found that acetal-2 did not improve cold 
properties as much as triacetin, but it did not give negative impact 
and did not increase density as much as triacetin. 


4.2. Reaction mechanism 


General or typical reaction mechanisms of glycerol reaction to 
produce typical glycerol-based additive products are presented 
here, without specifying any specific catalyst types and reaction 
conditions. Basically, the hydroxyl group of glycerol molecule will 
be protonated in the presence of heat or catalysts, which makes 
glycerol molecule ready to accept electron from the donors. The 
donors in this review are confined to isobutylene, acetic acid, 
acetone, acetic anhydride and glycerol itself. Table 4 lists down the 
general reaction mechanisms of glycerol to produce glycerol-based 
additive. 

It is important to note that the reaction of glycerol with 
isobutylene would produce mono-tert-butyl glycerol ether, di-tert- 
butyl glycerol ether and tri-tert-butyl glycerol ether. Nonetheless, 
only higher ethers, di-tert-butyl glycerol and tri-tert-butyl glycerol, 
are considered to be quality fuel additive for their specialties to 
reduce contaminant emissions, as alternative additives for 
alkylethers and other advantages that are shown in Table 5. 
Moreover, mono-tert-butyl glycerol has been reported as highly 
water soluble which is not suitable for diesel blending agent. The 
same reason goes to higher acetyl glycerol, diacetyl and triacetyl 
glycerol which have shown as valuable fuel additives to enhance 
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General reaction mechanisms of glycerol to produce glycerol-based fuel additives. 


Reaction 


Etherification [5] 


Etherification [107] 


Acetylation [89] 
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Table 4 (Continued ) 


Reaction General mechanism 


Acetalation [107] Su о 
cetalation 
+ 
Be > I 
reflux 16h 
Acetone 


Acetic anhydrid 


cold properties, reduce viscosity for diesel fuel and act as antiknock 
with gasoline. Therefore, the most challenging in glycerol 
transformation into fuel additives is to obtain high selectivity of 
desired product with high conversion of glycerol. 


4.3. Influence of catalyst 


Different types of heterogeneous solid catalysts have been 
studied such as ion exchange resins, zeolites, polysaccharide 
derived mesoporous material, mesoporous silica, carbonate based 
and alkaline earth metal. Those studies are mainly revolved around 
the effect of acidity, basicity, porosity, catalyst loading, different 
techniques of catalyst preparation and its reusability. 

Melero et al. [5] have studied the acidity of sulfonic 
functionalized mesoporous silica towards catalytic behavior of 
glycerol reaction with isobutylene. From both works of comparison 
on different sulfonic acid mesostructured silica and other 
commercial sulfonic resins, they found that with the combination 
of moderate temperatures and correct molar ratio of reaction feed, 
the moderately strong acid centers those located in arenesulfonic- 
acid-modified mesostructured silicas could provide improved 
results both in glycerol conversion and selectivity towards the 
desired products. In their other work, Melero et al. [89] also found 
that the acid strength of the sulfonic acid incorporated on 
mesoporous silica material was an important factor affecting 
the catalytic performance. An experiment involving specific 
activity per acid site showed that the increasing catalyst activity 
trends agreed with the increasing acid strength of sulfonic group 
propylsulfonic < arenesulfonic < fluorosulfonic. Nonetheless, Kle- 


pacova et al. [100] who investigated the catalyst activity and 
selectivity from different types of catalyst observed the close 
relation of acid strength towards catalytic activity could only be 
concluded from comparison of its own kind of catalyst. The 
difference of 10% initial reaction rate over ion exchange catalyst 
between Amberlyst-35 and Amberlyst-15 was due to 10% higher 
acidity strength of Amberlyst-35 than that of Amberlyst-15. The 
same conclusion was also made towards zeolite H-Beta and H-Y. 
However, the acid strength comparison between ion exchange 
resin and large pore zeolite seemed not to give the same 
conclusion. It was found that the higher total acidity of ion 
exchange resin for nearly five times than that of zeolites did not 
responsible for the difference of initial reaction rate of these two 
types of catalysts due to their other catalytic properties [100]. 
Fereira et al. [86] used dodecamolybdophosphoric acid 
(H3PMo045040) or PMo encaged in NaUSY zeolites loaded with 
different amount of heteropoly acid (HPA) to test the effect of 
catalyst loading on glycerol reaction with acetic acid. The catalytic 
activity appeared to enhance with the higher content of HPA 
loading up to a certain amount of PMo-NaUSY, in which after this 
point, the higher loading of HPA content would suppress the 
catalytic activity due to decrement of surface area and micro- 
porous volume that further lead to internal diffusion limitation. 
There were also studies on the effect of basicity and Lewis acidity 
balance of catalyst. Agnieszka et al. [106] firstly discovered that 
glycerol conversion increased with increasing catalyst basicity, 
which was increasing in the order: MgO < CaO < SrO < BaO. 
However, further investigation has lead to another finding on the 
roles of Lewis acidity of CaO-based catalyst on high glycerol 


acetic anhydride 


Triacetyl glycerol 


2. Viscosity improver 
3. Does not increase density of fuel 


Table 5 
Glycerol reaction with different types of substrate, the corresponding products and commercial values. 
Substrates Transformation  Glycerol-based additive Commercial value Reference 
process 
Isobutylene Etherification 1. As diesel and biodiesel reformulation 
2. Improve cold properties 
3. Reduce contaminant emissions of particulate matter, 
hydrocarbons, carbon monoxide and unregulated aldehydes 
di-tert-Butyl 4. Reduce fuel viscosity 
glycerol ether 
tri-tert-butyl 5. Octane boosters [5.89], [100], 
glycerol ether [131], [103], [105] 
6. Alternative to commercial tertiary alkylethers (MTBE and ETBE) 
7. Decrease cloud point of diesel fuel when blend with biodiesel 
8. Good properties as blending components and good solubility in diesel 
Acetic acid Acetylation/ Diacetyl glycerol 1. Improve the cold and viscosity properties of [87,89] 
esterification liquid fuels (including biodiesel) 
Triacetyl glycerol 2. As antiknock additives for gasoline [86,88] 
Glycerol Etherification Polyglycerol Excellent lubricity [107] 
Acetone and consequently Acetalation Acetal glycerol 1. Oxidatively stable [105] 
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etherification conversion. Their investigations on various CaO-based 
material tests concluded that the surface, both basic and acid site of 
catalyst properties with correct balance of basicity and Lewis acidity 
possessed the highest catalytic activity. Theoretically, the presence 
of acidic catalyst would make the glycerol hydroxyl group 
protonated and cause it a good leaving group. It is followed by 
the nucleophilic attack of a hydroxy group of another glycerol or 
substrate ether molecule, depends on substrate feed, accompanied 
by the leasing of water molecule that eventually leads to the 
deprotonated ether formation, yielding the respective di-, tri-, 
polyglycerol or glycerol ether. The explanation of base-catalyzed 
glycerol etherification is still in the postulation phase, in which more 
investigations need to be discovered to confirm on the postulation of 
very high temperature and other surface groups ofthe catalytic solid 
participated in the reaction mechanism that cause the hydroxyl 
group is a sufficiently good leaving group [93,106]. 

Mesoporous materials apparently have been widely employed 
either as catalyst support or directly involved as catalyst. A 
comprehensive study by Luque et al. [88] on sulphonated Starbon® 
(Starbon®-400-SO3H) as polysaccharide derived mesoporous 
interestingly showed a similar activity to that of sulphonated 
silica material and better performance than that of beta zeolites 
and p-toluenesulfonic acid (p-TSA) in glycerol etherification 
with isobutylene [88]. In other study of mesoporous material, 
different techniques of adding different alkaline earth elements 
to mesoporous MCM-41 by incorporation, impregnation 
and exchange have been studied by Clacens et al. [107]. They 
observed that cesium impregnated on pure mesoporous silica was 
the best compromise between activity, selectivity and catalyst 
leaching. At a conversion of 80%, such catalysts have a very high 
selectivity to [di- + triglycerol] of 90%. Even though cesium 
exchanged catalyst demonstrated as the most stable catalyst, 
but cesium impregnated could be reused without major modifica- 
tion on the selectivity. The mesoporous structure of MCM-41 
was observed remained in good condition despite the impregna- 
tion method and catalyst leaching, which explained the stable 
selectivity of cesium impregnation mesoporous catalyst [107,108] 
(Table 6). 

Klepácová et al. [100,102] investigated the difference type of 
catalysts between ion exchange resins Amberlyst-15 and -35 and 
large pore zeolites H-Y and H-Beta. From the comparison, it can be 
seen that the highest yield of desired di- and triethers of glycerol 
was obtained over ion exchange resins at 60°C (86.6% on 
Amberlyst-15 and 88.7% on Amberlyst-35, respectively) after 8h 
of etherification reaction. There was no tri-ether glycerol forma- 
tion over H-Beta zeolite and low selectivity over H-Y zeolite. It 
could be concluded that because of high degree crosslinking 
structure, the Amberlyst-35 catalyst was identified the most active 
and selective [100]. 

Goncálves et al. [87] who also studied different solid acid 
catalysts, ie. Amberlyst-15, K-10 montmorillonite, niobic acid, 
HZSM-5 and HUSY in glycerol reaction with acetic acid observed 
that Amberlyst-15 was the most active and selective catalyst, with 
conversion of 97%, selectivity of 54% to diacetin, 31% to monoacetin 
and 13% to triacetin after 30 min reaction. The strength of acid sites 
on the catalysts was not the factor of this behavior, since zeolite 
was the highest acid strength but the worst found in this study. 
Pore distribution and hydrophobicity properties were the main 
respective reason for the diffusion limitation and acid site 
deactivation by water suppression [87]. The same conclusion 
was also made by Luque et al. [88] who did a comparison between 
different acid catalyst H5SO4, sulphated zirconia and newly 
developed mesoporous Starbon®-400-SO3H. It was deemed that 
the porosity distribution of the Starbon® material that really 
explained the outstanding glycerol conversion and product 
selectivity over other types of catalysts. 


Richter et al. [109] investigated the influence of catalyst amount 
towards the reaction conversion and selectivity. It was found that, 
the increment of catalyst amount up to 0.4 wt.% had increased the 
conversion rate up to 20% from 10%. However, the increment of 
catalyst amount did not influence the selectivity of glycerol 
etherification reaction. Back in 1998, Noureddini et al. [103] 
investigated the effect of catalyst loading on glycerol etherification 
with isobutylene at 93 *C, molar ratio of 3:1 for 4 h. They did find 
out that the conversion was increasing with the increment of 
catalyst loading. However the product concentration was leveled 
off at catalyst loading of 5 wt% and glycerol was almost fully 
converted in 4 h. 

Impregnated cesium on mesoporous aluminosilica was tested 
for its reusability towards glycerol conversion and product 
selectivity. It was shown in Fig. 6 that the reuse catalyst has 
lower activity than that of initial catalyst condition, due to 
difference in cesium content, in which had reported by Clacen et al. 
[107] that different amount of impregnated cesium on mesoporous 
aluminosilica would impact on glycerol conversion. However, the 
selectivity to di- and triglycerol were comparably equal demon- 
strated by both catalyst states as displayed in Fig. 7. 


4.4. Influence of reactant 


Most works were done on the variation of molar ratio of 
reactant, comparison with other types of substrates as one of the 
reactants or precursor, and addition of solvent to observe the 
influence on catalytic behavior and product distribution. 

The influence of reactant stoichiometry was described by 
Noureddini et al. [103] for glycerol etherification at reaction 
temperature of 80°C and 93°C. The conversion of glycerol 
appeared to enhance with the increment of molar ratio isobutylene 
to glycerol (IB/GLY) at both reaction temperature [103]. In one of 
the experiments, Karinen and Kraus [104] also studied the effect of 
different initial molar ratio of isobutylene to glycerol towards 
conversion and selectivity. They found that higher molar ratio IB/ 
GLY than 3 at temperature of above 70 *C had almost complete of 
glycerol conversion. This was not the case for lower initial molar 
ratio at temperature of 80°C, in which the slower rate of 
conversion caused by higher viscosity of higher content of glycerol, 
thus affected the mass transfer between phases and catalyst. Lower 
initial molar ratio also could cause lower selectivity and invited 
other side reaction to occur. This could be explained by availability 
of isobutene in slower mass transfer phases to react more easily in 
the oligomerization reaction. Enhancement of IB/GLY ratio would 
decrease viscosity, hence, offered easier mass transfer between 
phases that could reach a maximum selectivity. Nevertheless, as 
the ratio was increased further, relatively more isobutene was 
available and more oligomerization to be occurred. 

The employment of predictive equation obtained by factorial 
design of experiment has helped the determination of reactant 
stoichiometry or temperature influential towards glycerol con- 
version in acetylation reaction. From data computation by the 
equation, it demonstrated that the acetic acid to glycerol molar 
ratio (AA/GLY) was the more influential factor on the glycerol 
conversion than that of the temperature. An enhanced of glycerol 
conversion was observed with the increasing acetic acid loading 
for all temperatures, whereas the detrimental effect of tempera- 
ture increment was identified at low loadings of acetic acid [89]. 
The optimization of molar ratio of reactant towards selectivity was 
studied intensively by Luque et al. [88] using Starbon* catalyst 
under microwave irradiation condition, keeping the amount of 
catalyst and temperature constant, but simultaneously varying the 
reaction time and irradiation power. They found that the formation 
of monoacetylglycerol was favored towards the low molar ratio of 
1:1 acetic acid to glycerol, at short reaction time of 10 min and 
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Table 6 


Catalyst, glycerol conversion and product selectivity of glycerol reactions into fuel additive. 


Reaction Catalyst Glycerol 


conversion 


Selectivity 


Remarks Reference 


Ar-SBA-15 and other 
sulfonic functionalized 
mesostructured silica 


Etherification (reaction 100% 
of glycerol with 


isobutylene) 


Polysaccharide derived 66% 
mesoporous materials, 


MTBG >99% 


Starbon®-400-SO3H 
Amberlyst-35 68% 
in figures 


Amberlyst-35 2955 
DTBG ~ 50% and 
MTBG ~ 3% 


Etherification 
(glycerol as 
sole reactant) 


Cesium impregnated 80% 
MCM-41 mesoporous 
catalyst tri 

glycerol ~ 90% 


Diglycerol + 


CaO-based 7-902; Diglycerol ~ 52% 


triglycerol ~ 48% 


Cesium 100% 
hydrogencarbonate 


(CsHCO3) 


Diglycerol ~ 10% 


Acetylation/esterification 
(reaction of glycerol 
with acetic acid) 


Amberlyst-15 97% 


triacetyl glycerol ~ 13% 


Ar-SBA-15 F-SBA-15 ~90% 


PMo immobilized 68% 
NaUSY zeolite 


Polysaccharide derived 100% 
mesoporous materials, 


Starbon™-400-SO3H 


DTBG + TTBG ~ 90% 


TTBG, not indicate 


At 80°C and molar ratio 
IB:GLY of 4.5 TTBG ~47%, 


Diacetylglycerol ~ 54% 


Diacetylglycerol + 
triacetyl glycerol ~ 85% 


Diacetylglycerol ~ 59% 
triacetyl glycerol ~ 2% 


Diacetylglycerol ~ 70% 
triacetyl glycerol ~ 75% 


Sulfonic acid-functionalized mesostructured displayed [5] 
comparable result towards commercial acid resin 

catalyst, SAC-13. The optimal conditions 

achieved for the mentioned glycerol conversion and 

product selectivity's are at 75°C, molar ratio IB:GLY 

of 4:1 and 4h of reaction time 

The catalyst used at 0.1 g, IB:GLY ratio of 1:3, 300W, [88] 
100-120°C and 15 min reaction time had 

favored the formation of monother, which has least 
desirable qualities for fuel additive. 

Investigation on different types of catalyst which 
included H-Y zeolites, H-beta zeolites, 

p-toluenesulfonic, Amberlyst-15 and Amberlyst-35. 
Amberlyst-35 was identified as the best catalyst 

toward conversion and selectivity. Other studies 
investigated were the influence of water and solvent. 

The optimal temperature for the best conversion 

and selectivity was 60°C. 

Adjusting and controlling the reaction condition could 
control the product distribution. The formation of triethers 
could be obtained with high initial molar ratio IB:GLY. 
While the formation of diethers would favor 

at 80*C and stoichiometric molar ratio. Low conversion 
and low initial molar ratio 

would offer monoethers as main product. 


[100] 


[104] 


Different techniques of catalyst preparation were 
investigated to find the most stable catalyst with high 
activity, conversion and selectivity. Cesium impregnated 
on MCM-41 mesoporous catalyst was found to be 

the best element and method. 

The strong basic and Lewis acid sites and catalyst 
material with the right balance of basicity and 

Lewis acidity offer high activity of glycerol etherification 
over alkaline earth metal oxide. The reaction condition 
was tested at 220*C for 20h of reaction time. 

The studies investigated the dependence of catalyst 
amount towards glycerol conversion and linear diglycerol 
selectivity. Different anion elements of cesium were also 
investigated to study the effect of basicity. The reaction 
condition was at 260°C for up to 24h of reaction time. 
It was found that high selectivity of linear diglycerol 
was obtained at low glycerol conversion and vice versa. 


[107,108] 


[106] 


[109] 


Different solid acid catalysts were studied towards glycerol [87] 
conversion and product selectivity. Amberlyst-15 was 

found to be the best catalyst while zeolite HZSM-5 

and HUSY were the worst catalyst after 30 min 

at room temperature. 

The optimal condition found for high glycerol conversion [89] 
and high selectivity was at 125°C, AA:GLY molar ratio of 

9:1 after 4h of reaction over sulfonic acid-modified SBA-15, 
which demonstrate similar catalytic activity to 

ion resin catalyst. 

Different loading of PMo from 0.6 wt% to 5.4 wt?; was [86] 
investigated to see the impact on conversion and selectivity. 

It was observed that PMo with 1.9wt% showed the 

best catalytic behavior. 

High selectivity towards respective monoacetin, diacetin [88] 
and triacetin was observed with the control of the reaction 
condition. The optimal reaction conditions for diacetin 

selectivity were molar ratio of 3:1 AA:GLY, 300 W, 

130°C, 15 min, 0.2 g Starbon"-400-SO3H. 


100 W of irradiation power. However, higher molar ratio of acetic 
acid to glycerol, longer reaction time and higher irradiation power 
would favor the formation of diacetyl glycerol and triacetyl 
glycerol [106]. 

The addition of tert-butyl alcohol (TBA) was claimed could 
suppress the formation of isobutene oligomerization and improved 
selectivity towards ethers by elimination of mass transfer 
limitation between phases [104]. Ironically, the usage of TBA as 


one of feed reactant quashed the selectivity towards ethers. This is 
due to the formation of water from TBA dehydration, which further 
causes hydrolysis reaction between water and ethers product 
formed. The influence of water towards catalytic activity is also 
reported by other research works [96,102]. 

In other work from Klepácová et al. [100] who investigated the 
influence of solvent on etherification with isobutylene catalyzed 
by Amberlyst-35, remarked its utmost importance towards the 
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Conversion (56) 


Fig. 6. Activity of the reuse catalyst [107]. 


reaction. The comparison of dioxane, sulfolane and dimethyl 
sulfoxide as reaction medium has witnessed a remarkable 
conversion percentage over dioxane, followed by sulfolane. The 
difference of conversion rate could be explained by the solubility 
properties, in which dioxane is more soluble in isobutylene than 
sulfolane. As for dimethyl sulfoxide, its partial negative charge due 
to polarization could deactivate ion exchange resin catalyst. 


4.5. Influence of temperature 


Temperature is arguably among the most important para- 
meters that determine equilibrium mediated process regardless of 
solid catalyst being used, and thus is reviewed in this work as well 
to understand mainly on the effects towards glycerol conversion 
and selectivity. 

The distinction impact of temperature towards reaction rate, 
conversion and selectivity has been discussed in most reports. 
Klepácová et al. [102] investigated the influence of temperature- 
reaction towards glycerol conversion. They observed the highest 
conversion on 71.5% was achieved with the temperature of 60 °C 
and reaction time of 180 min. At higher temperature of 75 °C, 
glycerol conversion could achieve the highest of 71.3% within 
shorter reaction time. Further increasing the temperature would 
increase the reaction rate as well, but at the same time inviting an 
undesirable dealkylation of higher ethers (DTBG and TTBG) caused 
by the formation of lower ether (MTBG) and isobutylene. The same 
observation was also reported by Melero et al. [5]. The isobutylene 
split from higher ether would be oligomerised to form Сз alkenes. 


Selectivity (6) 


0 20 40 60 80 100 
Conversion (96) 


Fig. 7. Selectivity of the reuse catalyst [107]. 


This eventually caused redistribution equilibrium and decreased 
the conversion of glycerol [100]. 

The dealkylation of higher ether seems not to be only affected 
by higher temperature. It was reported by Noureddini et al. [103] 
who studied the temperature-molar ratio interaction, that at 
molar ratio of 3:1 IB/GLY, the Cg formation decreased as a function 
of temperature. It was claimed that at low temperature and 3:1 
reactant stoichiometry, higher ether formation was obtained and 
the catalyst favored the by-product formation. This has been 
agreed with another research work that reported the low 
temperature favored higher activation energy for oligomerization 
reaction rather than that of etherification [104]. Findings by 
Noureddini et al. [103] on dealkylation of higher ether at molar 
ratio 2:1, in which C8 formation increased but higher ether 
formation decreased with the increment of temperature, further 
support their theory. Melero et al. [5] who studied molar ratio- 
temperature interaction also reported that high selectivity of DTBG 
and TTBG increased with higher molar ratio IB/GLY as a function of 
temperature. However, further increasing temperature would 
decrease the higher ether selectivity. They concluded that the 
optimal selectivity of higher ether was at 4:1 molar ratio and 75- 
85 °C. The low selectivity of higher ether at low molar ratio and low 
temperature was also elaborated by viscosity relevance, in which 
higher amount of glycerol caused high viscosity of reaction 
medium. Consequently, slow mass transfer between phases could 
temper the selectivity of higher ethers. 

Glycerol conversion in reaction with acetic acid seemed to 
enhance with the increasing acetic acid loading for all temperature. 
Melero et al. [89] found that at low acetic acid loading, the 
detrimental effect of increasing temperature was significantly 
observed. They concluded the optimal condition for highest 
glycerol conversion was obtained with high molar ratio acetic 
acid to glycerol (AA:GLY) and low-medium temperature of 100- 
125 °C. 

From the research work too, they observed that high molar ratio 
and high temperature quashed the formation of monoacetin 
(MAG). Intermediate molar ratio AA:GLY and high temperature 
was prone to the formation of diacetin (DAG) while high molar 
ratio and high temperature would influence the formation of 
triacetin (TAG). The molar ratio, ostensibly, was deemed to be the 
most influential parameter for formation of MAG, DAG and TAG 
[89]. The same pattern of selectivity was also observed from the 
research work of Luque et al. [88] who studied glycerol acetylation 
under microwave irradiation. At low irradiation power and shorter 
time, higher percentage of MAG formation was observed while at 
high irradiation power in addition to longer time and higher 
catalyst amount would favor the formation of TAG. 


4.6. Influence of reaction time 


Noureddini et al. [103] also investigated the effect of reaction 
time towards the reaction of glycerol etherification. At tempera- 
ture of 93°C, molar ratio IB:GLY of 3:1 and 5 wt.% of catalyst, 
reaction was reached equilibrium and all compositions were 
leveled off after 2 h. Even beyond 1 h of reaction, a slight decrease 
in ether formation and increase in by-product were observed. It has 
been deduced that when the equilibrium is reached, the free 
isobutylene will be consumed in the formation of 1- and 2- 
pentenes. Beyond 3 h of reaction, the further formation of 1- and 
2-pentenes were in the expense of higher ether instead of 
isobutylene due to the complete reversibility of reaction [103]. 
The supposition is concurred by the findings from Klepáčová et al. 
[100] and Richter et al. [109], both of whom studied different types 
of catalysts and reaction conditions but found the same by-product 
occurrence at longer reaction time. Klepáčová et al. [102] reported 
that the formation of isobutylene dimers was proportional to the 
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reaction time of 8h due to etherification equilibrium shifted 
towards lower ethers and glycerol by withdrawal of isobutylene. 
Whereas, Richter et al. [109] concluded that 40% of linear 
diglycerol was achieved during 6-12 h of reaction. However, at 
longer reaction time, diglycerol was consumed to form oligogly- 
cerol. 


5. Conclusion 


The pitfalls of glycerol by-product excess production and the 
urge from modern society as well as government policy on 
renewable resources have motivated the research and develop- 
ment of glycerol as chemical feedstock of organic compounds into 
various applications. Glycerol-based additive has been identified 
to have particular qualities, which is suitable for blending agent in 
gasoline, biodiesel and diesel fuels. Several chemical routes of 
glycerol reaction into fuel additive and the advantages of every 
glycerol products are also described. Different concerted 
approaches and strategies of researchers are intentionally devel- 
oped to investigate and study the influential of variable 
parameters, i.e. catalyst, temperature, reaction time, solvent and 
precursor, on the physical properties, conversion and selectivity of 
the glycerol-based fuel additive. Those studies are presented in this 
review paper and could be a reference for an extensive scope in the 
future studies. 
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